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Abstract 


The  heats  associated  with  the  reaction  ^5 


NgFg(fe)  I  ^ 


were  observed  for  two  mixtures  containing  the  trans  and  the 
"active"  iscmiers  difluorodlazlne--{N2F2)''  in  different  proportions. 
From  the  observed  heats  of  reaction  the ^eats  of  formation,  AsE^g, 
were  determined  to  be  1 16,^  dbfaA-fcaal  mni^^  for  the 

A- 

trans  and  the  ^active*^  isomers^  respectively.  The  bond  energies  in 
the  two  substances  are  discussed  in  terms  of  the  possible  molecular 
configurations . 
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1.0  Introduction 


The  continuing  interest  in  the  thermoehemlstry  ot  N-F  compounds  hts 
led  us  to  loake  a  determination  of  the  heats  of  formation  of  ttfo  isotoars 
of  II2F2.  The  techniques  applied  had  been  previously  wrked  out  for 
SF|[1,2]1  ana  H2F4  [3],  and  in  their  application  the  N2F2  compounds 
presented  no  unusual  experimental  problems.  The  isomers  studied  vere 
tranB-l,2-difluorodiaaine  and  a  more  reactive  isomer.  There  is  some 
uncertainty  as  to  whether  the  latter  is  cis-l,2-difluorodiazine  or 
1|1  difluorodiazine  [4]-  Because  of  the  uncertainty  concerning  structure 
still  associated  with  this  isomer  it  is  referred  to  in  this  report  as  the 
"active"  isomer  of  N2F2*  This  designation  was  selected  because  it 
emphasizes  the  greater  chemical  reactivity  of  the  isomer  in  comparison 
with  the  trans  species. 

The  heats  of  formation  of  these  two  compounds  (and  the  third 
possible  one  as  well)  are  of  interest  intrinsically  because  of  the 
information  they  may  yield  about  the  variation  in  the  N-F  bond  strength 
in  varying  molecular  environments. 

The  heat  of  isomerization,  3.0  kcal  mole”^,  of  the  isomers,  which  we 
find  for  the  difference  in  the  heats  of  formation,  is  in  agreement  with 
our  calculation  of  the  results  of  equilibrium  measurements  made  by 
Cplburn,  et  al  [5]. 

Although  it  would  have  been  desirable  to  have  larger  quantities  and 
more  nearly  pure  starting  materials,  it  is  felt  that  the  results  obtained 
are  unambiguous,  and  sufficiently  reliable  to  be  useful  in  synthetic 
applications.  Moreover,  this  work  marks  the  first  experimental  measurement 
of  the  heats  of  formation  of  the  N2F2  isomers. 


2.0  Experimental  Procedures 
2.1  Ffeterials 

Two  samples  of  NpP2,  one  (Sample  l)  consisting  principally  of  the 
trans,  and  the  other  (Sample  II)  consisting  principally  of  the  "active" 
isomer  were  presented  to  us  by  Dr.  Vernon  H.  Dibeler  of  the  Mass 
Spectrtxnetry  Section  of  the  National  Bureau  of  Standards,  who  had  received 
them  through  the  courtesy  of  Dr.  Charles  S.  Cleaver  of  the  E.  I.  du  Pont 
de  Nemours  Company. 


1. 


Numbers  in  brackets  refer  to  references  at  the  end  of  this  report. 


Analysec  of  the  materlale  vere  laado  after  completion  of  the  experi¬ 
ments*  Dr*  John  T.  Herron  and  I^s*  Sharon  Lias  made  mass  analyses 
Independently  using  different  isass  spectrometers >  and  Dr.  S.  C.  Wait,  Jr. 
examined  the  materials  with  an  IR  Spectrophotometer.  There  were  eome 
discrepancies  in  the  different  analyses,  and  judgments  were  made  concern¬ 
ing  final  specifications  of  impurities.  These  judgments  were  based  mainly 
on  the  type  of  instrument  used  and  on  the  experience  of  the  analyst  with 
these  particular  compounds. 

The  following  analyses  were  assigned  to  the  samples*  I,  0.1^  N^O, 
10.0^  "acti7e"-N;^2’  89.9^  trans-  N2F2;  II,  0.4^  N2O,  0.1^  SiF^,  0.1^  COp, 
91.6^  "active"-N2r2#  trans-N2P2* 

It  is  not  possible  to  state  accurately  what  changes  in  the  samples 
may  have  occurred  during  the  course  of  the  experiments.  A  slow  con¬ 
version  of  the  samples  to  the  equilibrium  mixture  would  be  expected  [5]* 
However,  there  was  no  chronological  trend  in  the  values  measured  for 
sample  I.  The  samples  were  stored  at  -100®C  when  not  being  used. 

Because  the  heats  of  formation  qf  the  two  isomers  do  not  differ  very  much, 
the  calculations  are  not  strongly  dependent  upon  the  isomeric  ratios  in 
the  samples. 

Only  4.2  grams  of  sample  I  and  2.2  grams  of  sample  II  were  available. 
The  small  size  of  the  samples  precluded  any  attempt  at  further  purifica¬ 
tion. 


The  ammonia  was  a  commercial  high  purity  grade  stated  to  be  99*9 
percent  pure.  A  rough  chromatographic  analysis  Indicated  Impurities  In 
the  NH3  amounting  to  probably  less  than  0.1  percent. 

?.2  Calibration 

The  calorimeter  was  calibrated  with  benzoic  acid  (NBS  Standard 
Sample  39h)  in  five  experiments  summarized  in  Table  1.  The  heating  value 
used  for  the  standardizing  material  was  26.433B  kj/gram  mass  (weight,  in 
vacu’jm) .  The  final  temperature  to  which  the  calibration  is  referred  is 
28  °C.  In  Table  1,  m3  is  the  mass  of  benzoic  acid;  ARq  is  the  corrected 
thermometer  resistance  change;  and  Eg  is  the  energy  equivalent  of  the 
standard  calorimeter.  The  correction  term,  e,  is  the  difference  between 
the  energy  equivalent  of  the  calorimeter  as  used  in  the  calibration 
experiments  and  the  standard  calorimeter  used  for  the  combustion  experi¬ 
ments.  It  includes  heat  capacity  terms  for  1  ml  of  water,  for  th© 
platinum  crucible,  for  the  benzoic  acid  pellet,  and  for  the  30  atmos¬ 
pheres  of  oxygen,  all  present  in  the  calibration  experiments,  but  not 
In  the  combustion  experiments. 


Table  1 


Ron 

No. 

g 

ohii 

1 

1.49810 

0.289963 

2 

1.50110 

.290453 

3 

1.49886 

.290042 

4 

1.49826 

.239862 

5 

1.50942 

.291988 

Mean 


j  ohm"^  J 

173.7  136503.4 

173.2  136538.0 

172.8  136462.2 

176.1  136548.2 

175.8  136565.4 

136524.  ±18® 


Standard  deviation  of  the  mean 


For  ^ch  oontastion  exparlment  the  ei!e7g7  equivalent  of  the  actual 
calorimeter 9  Sf  ehowii  In  Columa  3)  Table  2$  viaa  obtained  from  the  mean 
energy  equivalent  of  the  atandard  calorlmater,  136524  l/ohm^  by  adding 
a  term  e',  to  adjust  for  the  heat  capacities  of  the  gases  Introduced 
into  the  bomb  for  the  e^erizarat.  For  this  pur^se  the  specifie  heat, 
Cvf  of  UH3  was  taken  to  be  28.47  J,  mole"^  deg"^  [6]  and  that  of 
vas  assumed  to  be  similar  to  that  of  112^4  which  a  value  of  ' 

63.5  J  ffiOle“l  deg"i  was  estimated  preTiouily  [3]. 


TabU  2 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Run 

1 

•  1 

j  ohm  * 

E 

•1 

mass  of 

mass  of 

NH3 

NH3 

me 

No, 

j  ohm"-^ 

sample 

^2^2 

moles 

Introduced  reecvemed 
moles  soles 

ohm 

1 

39.2 

136563 

0.93340 

0.0U29 

0.098165 

0.043851 

0.085518 

2 

33.4 

136562 

.86813 

.013U1 

.097863 

.051089 

.080815 

3 

39.3 

136563 

.93070 

.014088 

.098315 

.046038 

.085612 

4 

38.4 

136562 

.93636 

.0U174 

.095180 

.040470 

.085722 

5 

36.4 

136560 

0.90786 

0.13685 

0.089695 

0.036356 

0.081649 

6 

36.7 

136560 

.89670 

.013517 

.090912 

.039992 

.081228 

2*3  Exper^sntal  Heat  Meesuremnta 


The  calorimeter  and  the  procedurea  used  la  theae  exporiaenti  were 
Identical  to  those  used  for  the  meaBurementa  ca  W2P4  [3j»  The  observed 
data  are  ehovn  in  Table  2*  Heasurements  1»2>3  and  4  were  made  on 
sample  I|  measurements  5  and  6  on  sample  II* 

The  amount  of  reaction  was  based  on  the  weight  of  sample  dosed 
into  the  bomb  from  a  monel  weighing  bulb*  The  mss  of  sample  Is  shown 
in  column  4*  The  number  of  moles  of  HgPz  introducedf  calculated  from 
the  mass  of  sample  and  its  composition^  la  shoM  In  column  5» 

The  crystalline  product  depogited  in  one  experiment  with  each 
Isomer  was  examined  with  an  x-ray  spectrograph#^  and  found  to  be,  within 
the  2  percent  sensitivity  of  the  method#  exclusively  The  observed 

weight  of  NH4F  agreed  to  about  1  percent  With  that  calculated  theoreti¬ 
cally,  but  was  not  used  in  the  calculation  since  it  leads  t®  less 
precise  results* 

Columns  6  and  7  respectively,  give  the  measured  quantities '  of 
introduced  and  recovered.  The  corrected  resistance  thermometer  change# 
ARc#  caused  by  the  reaction  is  shown  in  column  B, 

3.0  Calculation  of  Experimental  Results 

The  results  were  calculated  on  the  basis  that  the  reaction  of  the 
N2P2  was  equation  (l) . 

+  f  NH^Cg)  =  21IH4P(c)  +  I  yg)  (1) 

and  are  shown  in  Table  3*  AS5,  the  observed  total  energy  change 
caused  by  the  bomb  reaction,  is  obtained  as  the  product  of  E  and  ARq 

(Table  2) . 

Correction  terms  applied  are:  the  difference  AH  -  AE  for  the 

reaction;  q2,  the  enthalpy  correction  to  bring  the  reactants  and  products 
to  unit  fugacity  in  the  ideal  gas  state;  q^,  a  heat  capacity  correction 
to  convert  the  reaction  heat  from  23  °C  to  25  ®C;  q/,  the  energy  of  the 
reactions  due  to  impurities;  and  05,  the  energy  of  decomposition  of 
ammonia.  The  heats  of  reaction,  (AH^^) ,  in  joules  per  mole  of  M2P2  are 
shown  in  column  8. 

In  the  calculation  of  quantities  to  qj,  data  for  the  thermal 
properties  of  the  several  substances  involved  were  selected  from  the 
literature  as  before  (l) .  The  enthalpy  corrections  for  and  H2  were 

neglected  as  they  were  demonstrated  to  be  very  small.  N2F2  was  treated 
as  an  ideal  gas. 
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Tabld  3 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Run 

Wo. 

4Eb 

j 

? 

f 

V 

^4 

J 

? 

1 

-11678.6 

-29.2 

-45.3 

-1.7 

+5.2 

-768.5 

2 

-110363.3 

-36.6 

-39.6 

-4.1 

+5.2 

-541.9 

3 

^i69i;4 

-34.2 

-4.7 

+5*6 

-679.4 

4 

-11706.4 

-41.8 

“4.2 

+5.6 

-781.2 

Mean  for  N2F2  (Sample  l) 

Standard  Deviation 

of  the 

Mean 

'  M 

5 

-11150.0 

-27.9 

-37.5 

-4.3 

+21.2  -778.1 

6 

-11093.3 

-31.9 

-37.4 

-4.1 

+21.2  -687.1 

Mean  for  (Sample  H) 

Standard  Deviation  of  the  Mean  ■ 


(e) 

-AH° 

kj  !tioS"^ 

835.99 

886.79 

883.61 

885.95 

885.59  or  1^1.7^- 
kcal  /nole"^*^ 

40V69  'or  >0.2 
Iccal  mole"^ 

875.17 

875.33 

875.25  or  209.2.;^ 
kcaj  (ttole 

d0.08  or  iO.02 
kcal  inole"j^ 


The  heat  eorreetlon  applied  for  the  partiel  deeoapoeltlon  of  KHj# 
vas  calculated  from  equation  (2)  bslov^ 


’5 


g 

NH-  Introduced  -  NHo  recovered  -  r  NJ, 
^  Table  2  Table  2  Table  2 

Column  6  Column  7  Column 


X  11.04  kcal  laole'^ 
X  4184  j/kcal-l 


The  mean  heat  of  reaction  f or  ^  Sample  I  is  885.59  40*69 

kj  mole-^  OP  211*7  ±0*2  kcal  iiiole**^i  and  for  N5F2  in  Sample  II  is 
875*25  40.08  k.1  mole  -or  209.2  40.02  kcal  mole-1* 


4<0  The  Heats  of  Foimatlon  of  the  Isooiere 

From  the  heats  of  reaction  of  N2F2  in  Sample  I  and  N2F2  in  Sample  IT 
are  derived  the  heats  of  fomatlon  of  the  Mp  isomers.  Using 
[NH-Cg)]  =  -11.04  40.07  kcal  mole”l  [6],  and  [NH4F(c)3  = 

-111.0  ±0.6  kcal  mole"^  [7],  ve  conclude  that  for  the  sample  mixtures 
studied  (corrected  for  non-NpFp  impurities)  AHrp9g  [UpFp  (sample  l)]  = 
19.1  ±1.3  kcal  mole"^,  and  AHr298  [^2^2  (sample  II)  J  =  +  16.6  ±1.2 
kcal  mole“^. 

As  both  samples  are  mixtures  of  the  two  isomers^  the  heats  of  forma¬ 
tion  of  the  samples  can  be  represented  in  terms  of  the  heats  of  formation 
of  the  pure  isomers  by  means  of  simultaneous  equations  (3)  and  (4) . 

0.900  ^p93  [trans-NgFg]  +  0.100  ^^p^g  [ "active ”-N2p2]  =  19.1 

kcal  mole”^  (3) 

0.078  hE?29g  ±  0.922  ["active"-N2FjjJ  ==  I6.6 

kcal  mole"^  (4) 


Solution  of  eqs.  (2)  and  (3)  gives 

dH?p9g  [trans-N2F2(g)]  =  +  19-4  41.3  kcal  mole  ^ 

[''actlve«-NpPp(g)]  =  +  I6.4  ±1-2  kcal  mole“^ 


The  •actlye*  font  Is  sore  stable  thermodjrnaidcally  than  the  trans- 
fom  cf  by  3*0  kwl  mole"*.  Colbiirn»  et  al.  [5]  reported  a  differ¬ 
ence  of  27  keal  nole'^  on  the  basis  of  measurement  s  of  the  proportions 
of  the  two  Isomers  in  equilibrium  mixtures  at  several  temperaturea. 

Their  calculation  was  baaed  upon  the  rate  of  change  of  the  equilibrlun 
constant  with  temperature.  We  have  recalculated  the  data  they  reported 
for  the  equilibrium  mixture  at  558  vrfileh  they  found  to  be  about  87^ 
•active"  and  13^  trans.  From  their  average  proportions  we  calculate^' 
for  reaction  (5) t 

"active^-N^Pj  =  trans-NgFg  (5) 

=2.1  kcal  mole~\  Assuming  0  and  ACp  =  0  for  reaction  (5) 
we  rind  from  their  data  ^293  “  mole**^*  in  good  agreement  with 

the  value  we  find  for  this  reaction. 


5.0  Discussion  of  Bond  Energies  in  Nj^Pg 

Of  considerable  interest  is  the  degree  to  which  bond  energies  retain 
an  additive  character  in,  different  molecules# 

If  (N)  =  225.93  heal  mole"^  ![8j  and  (F)  “=  37.72 

kcal  mole"^  [9]^  the  total  [binding  energy  of  trans-K2F2  is  244«3  kcal  mole  '^. 
This  is  the  energy  of  2  If-P  bonds  and  one  N=?r  bond.  A,  value  for  the  1I=II 
bond  in  aspisopropane  can  be  estimated  from  the  heat  of  formation.  ’Prom  the 
heat  of  combustion  of  liquid  azoisopropne,  1053*4  kcal  mole“^  [l0]>  the 
heat  of  vaporization,  8.5  kcal  mole'"'^  flO]#  the  heats  ©f  formation  of 
C02(g)»  -94*052,  and  of  -68.317  kcal  mole"  #  respectively  [6], 

the  heat  of  formation  of  a,zoisoprOpane  gas  is  calculated  to  be  19.4 
kcal  mole*^.  By  analogy  with  n-butane  and  'iso butane,  of  which  the  latter 
is  the  more  stable  by  1*64  kcal  mole“^  [ll]?  azo-n-propane  is  estimated  to 
be  3*28  kcal  mole“^  less  stable  than  .  azoisOpropane  and  is  therefore 
estimated  to*, have  a  heat  of  formation  of  22.7  kcal  mole"^.  Kharasch  [12]  , 
gives  for  the  heat  pf  combustion  of  liquid  n- propylamine,  558.3  kcal  mole*^ 
by  Lemoult  [13]  and  for  the  gas,  572.3  kcal  mole"^  by  Thomsea  [14].  The 
heat  of  formation  of  the  liquid  is  thus  -31 « 3  kcal  rnole”^  and  of  the  gas, 
-17.28  kcal  mole"^  from  these  two  measurements.  Ihe  heat  of  vaporization 
of  n-propylamine  is  given  as  6.98  kcal  mole“^  by  Glazer  and  Kuland  [l5] 
and  6.379  kcal  mole"l  by  Bonnefoi  [16].  If  6.9  kcal  mole“l  is  taken  for 
the  heat  of  vaporization  of  n-propylamine,  Lemoult 's  value  leads  to 
-24.4  kcal  mole“^  for  the  heat  of  formation  of  gaseous  n-propylamine.  The 
two  values  for  the  heat  of  formation  are  thus  not  in  good  agreement. 


For  the  hypothatlcal  rtictlon  (6)  ws  can  calculate 

2  n-C^H^NHg  — (6) 

AH^Qg  =  57.1  kcal  mole  using  -17.28  kcal  Hole  for  the  heat  of  fomatlai 
of^n-propylamine ,  and  71.5  using  -24*4  heal  mole-^.  The  energy  of  this 
reaction  can  be  taken  aa  the  sun  of  the  bonds  broken  minus  the  energies 

of  the  bonds  made. 

m.  =  4E(N-H)  -  B(N=N)  -  2E(H-H)  =  57.1  or  71.5  kcal  mole.  Using 
E(K-H)  =  93-4  kcal  moie“i  as  estimated  from  the  heat  of  formation  of 
(-11.04  kcal  mole'^) ,  and  E(H-H)  as  104. IS  kcal  mole"!  [6],  we  calculate 
E(N=N)  as  107.9  kcal  niole"^  or  93 kcal  mole"^  using  the  above  values 
for  the  heat  of  the  hypothetical  reaction  in  the  same  order. 

Herron  and  Dibeler  [17]  In  an  electron  impact  study  found  the  energy 
of  dissociation  of  in  N2P2  to  be  IO6  ±12  kcal  inole-.4  This  suggests 
the  higher  value  of  the  (N=N)  bond  energy  is  the  better.  Using  107.9 
kcal  mole“^  for  E(N=N)  ,  E(N  F)  in  N2F2  (trans)  Is  calculated  to  be  68.2 
kcal  iiiole"^.  The  lover  value  for  E(n=N)  would,  of  course,  lead  to  a 
larger  value  for  E(W-P) . 

If  we  assume  the  cis-1,2  difluorodiazine  structure  for  the  "active" 
N2P2,  then  two  possibilities  exist  as  extremes.  Either  E(N-E)  is  69.7 
kcal  subject  of  course,  as  before,  to  the  same  possible  variation 

as  with  the  trans-difluorodiazine,  or  the  N=N  bond  is  3  kcal  mole"^ 
stronger  in  cis-  than  in  trans-l,2-difluorodiazine. 

On  the  other  hand  a  different  calculation  would  be  required  for 
E(N-F)  if  the  structure  is  1,1  difluorodiazine  (F2N=N) . 

We  can  consider  nitrous  oxide,  MO, as  a  related  molecule  containing 
an  N=N  bond  in  which  one  nitrogen  is  bonded  only  to  nitrogen  and  the 
second  nitrogen  is  bonded  to  a  highly  electronegative  radical  comparable 
to  fluorine.  The  heat  of  formation,  hHf293,  of  112'^  is  19.49  kcal  mole”! 
[6],  and  of  0  is  59*55  kcal  mole“^  [iSj.  The  total  binding  energy  of  the 
II2O  molecule  is  therefore  265.99  kcal  mole"^,  which  is  the  sum  of  one 
N=N  and  one  11=0  bond.  From  ^298  21.60;  and  NO2,  8.09  kcal  mole“^ 

[6],  the  energies  S(N=0)  in  these  two  molecules  can  be  calculated  to  be 
150.91  kcal  ffiole"^  and  111.99  kcal  mole”^  respectively.  These  energies 
presumably  form  an  upper  and  approximate  lower  limit  for  E(W0)  in  N2O, 
end  lead  to  115.07  and  153-99  kcal  mole"^  respectively  for  E(lf=N)  in 


It  will  be  noted  that  If  the  lover  of  these  values  for  E(K^)  Is 
taken  as  applying  to  P2N=N  then  E(R-I^  in  Ijl-difluorodlaziae  vould  be 
66.1  kcal  nole"^,  and  that  if  any  higher  value  be  taken  for  E(K=N)  then 
E(N-F)  bacomes  smaller  and  in  fact  could  be  as  lov  as  46.6  kcal  mole"* 
if  the  extreme  value  150.91  kcal  mole”^  be  taken  for  E(lf=M) . 


The  suggestive  point  about  the  above  discussion  is  that  if  lyl  di- 
fluorodlazine  is  indeed  the  structure  of  "actlve’*-N2F2>  then  a  reason  for 
its  strikingly  greater  reactivity  becomes  plausible.  The  N-F  bonds  are  the 
weak  links  in  either  ^active”-  or  trans-!T2F2  according  to  the  above 
discusslonj  but  although  the  heats  of  formation  indicate  that  the 
"actlve‘'-N2F2  the  greater  thermodynamic  stability,  the  energy,  E(N-P), 
In  this  molecule  is  found  to  be  less  than  in  trans-N2P2  by  any  of  the  means 
of  calculation  used.  Under  some  assumptions  suggested  it  would  be  much 
weaker  than  in  ljr3.  A  very  low  N-F  energy  would  explain  the  greater  re¬ 
activity  and  also  would  help  to  .explain  the  absence  of  the  peak  in 
the  mass  spectrometer  pattern  [17,19,20].  Arguments  against  the  1,1  di- 
fluorodlazine  structures  on  the  basis  of  the  absence  of  the  NF2'*’  peak  and 
analogy  to  COP2  (19)  are  hardly  conclusive  in  view  of  the  low  intensity  of 
the  CF2'^  peak  from  COF2  in  spite  of  the  relatively  much  greater  C-P  bond 
energy,  which  is  in  the  neighborhood  of  116  kcal  mole"l  as  compared  to  the 
NF  bond  here  indicated. 


One  of  the  more  interesting  features  of  the  current  discussion  of  the 
structures  of  N2F2  isomers  is  that  three  configurations  appear  definitely 
to  be  possible,  and  bond  energy  arguments  Indicate  that  all  should  be 
comparably  stable,  but  apparently  only  two  isomers  have  been  isolated. 
Thus,  there  is  a  third  substance  still  to  be  found,  regardless  of  whether 
the  "active"  isomer  turns  out  to  be  cis-1,2  difluorodiazine  or 
1,1  difluorodiazine. 
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